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Aluminum samples of 99.99 % and 99.999 % purity were 
irradiated to neutron fluences 18 of 3.8·10 nvt and 
nvt (E greater than 0.1 Mev) at one-third of the melting 
temperature. The change in Young's modulus of elasticity 
after isothermal annealing in the temperature range of 
After 2.5 hours of annealing, 
the modulus reached a steady state value which was de-
creased by 0.25% ~ 0.17% from the unannealed value. Elec-
tron microscopy suggests the hardening mechanisms were 
dispersion hardening by silicon precipitates and void 
hardening. 
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I. INTRODUCTION 
High energy neutron irradiation effects many of the 
mechanical properties 1 of metals by the introduction of 
point defects and defect aggregates. Of the mechanical 
properties, the changes in the plastic properties of 
aluminum after neutron irradiation have been investigated 
frequently, but there has only been one investigation into 
the changes of the elastic properties of aluminum after 
t . d. . 2 neu ron 1rra 1at1on. 
Since the change in the elastic modulus of aluminum 
is still of interest, the inconclusive experiment of 1954 2 
was repeated. It was anticipated that with higher exper-
imental resolution techniques and higher neutron fluxes 
there would be a better chance of obtaining a more meaning-
ful result. Thus in the present investigation, the change 
of the elastic modulus of neutron irradiated aluminum after 
post irradiation annealing was determined. Experimental 
evaluation of the change in the dilatational modulus of 
the elasticity, Young's modulus, was obtained by means of 
an ultrasonic pulse-echo technique. Transmission electron 
microscopy was used to provide a microscopic view of the 
mechanisms which might alter the modulus during specimen 
annealing. 
The elastic modulus of an irradiated metal is altered 
by two mechanisms: 3 one, the effect of the change in the 
1 
number of interatomic bonds associated with defect forma-
tions and two, the pinning of dislocations by the defects. 
Therefore, to extract meaningful conclusions from the 
experimental results, several factors which control the 
radiation damage characteristics should be understood. 
These factors include sample chemistry, prior heat and/or 
mechanical history, crystal structure, melting temperature, 
and, perhaps the most important, the irradiation conditions. 
The irradiation conditions consist of four critical 
variables, each of which contributes significantl y to the 
resulting type and amount of induced damage in the irradi-
ated specimens. 
First, the temperature at which the irradiation is 
conducted effects the mobility of defects to cluster and/ 
or anneal out of the specimens. For instance, the increase 
of the mobility with higher irradiation temperatures 
results in larger aggregate sizes, but lower aggregate 
concentrations. 4 
Second, the energy spectrum of the bombarding neutrons 
determines the number of lattice atoms which are displaced. 
Higher energies mean that each neutron interacting with a 
matrix nucleus can create a more energetic ''primar y knock-
on" which in turn creates greater numbers of matrix atom 
displacements. 
Third, higher flux levels produce a decreased tendenc y 
of defects to aggregate; which contrasts with the effect 
2 
of higher irradiation temperatures. Higher flux levels 
P roduce more, but smaller vo;ds, ; e vacancy a t 
.._ ... . . , ggrega es, 
which tend to be more equiaxed than voids resulting from 
low flux level irradiations. 5 Also at higher flux levels, 
the aggregate and void distributions are much more homo-
6 geneous. These conditions due to higher flux irradia-
tions should result from a higher vacancy supersaturation 
relative to the thermal equilibrium concentration. 
Lastly, the accumulated fluence is responsible for 
the type and number of defects and/or aggregates present. 
Higher fluences, above the specific thresholds to nucleate 
specific defects and/or aggregates, generates more and 
larger defects, which are also more homogeneously distri-
buted in the sample matrix. 7 
After consideration of the above mentioned variables 
as well as the available facilities, it was decided to 
measure sample changes at or above room temperature, with 
voids as the specific defect aggregates. Consequently, 
the modulus measurements were taken during Stage IV re-
covery 8 in samples that had been irradiated to fluences 
of approximately 1019 nvt (approximate fluence threshold 
d .d . 1 . ) 9 for induce vo~ s ~n a um~num . The metallurgical con-
ditions of these damaged samples on which modulus measure-
ments were taken during annealing were similar to the 
metallurgical conditions obtained in previous similar 
studies. 10,11 In these studies, aluminum was neutron 
3 
4 
irradiated to high fast fluences producing large displace-
ments per matrix atom and resulting in the formation of 
voids in a silicon supersaturated matrix. The subsequent 
annealing of these irradiated specimens produced void 
coarsening and silicon precipitation on the coarsened 
voids. 
For this experiment, high purity aluminum samples of 
99.99% and 99.999% purity were chosen for two reasons. 
The first was that neutron irradiation induced voids occur 
at a lower fluence level in high purity aluminum as com-
pared . 12 13 to alum1num aloys. ' The second reason was that 
neutron irradiated pure aluminum is less of a radiation 
hazard than aluminum alloys because neutron irradiation 
produces a higher specific activity in aluminum alloys due 
to more radioactive transmutation products from impurities. 
II. EXPERIMENTAL DETAILS 
A. Specimen Preparation 
Polycrystalline aluminum specimens were swaged, 
subsequently rolled into thin bars (0.3 em by 0.8 em by 
6.0 em), etched in hydrofluoric acid, annealed in air for 
more than one hour at 350°C, and reetched. 
Specimens for electron microscope studies were further 
rolled into thin foils (0.001 em by 0.5 em by 0.5 em), 
etched, annealed at 350°C, and reetched. After having 
been irradiated to fluences of 3.8·10 18 nvt and 1.4·lo 19 
nvt, various heat treatments (9 cases: 5, 15, and 1440 
minute anneals with each conducted at ll0°C, 120 ° C , and 
130°C) were given to 9 foils from each of the 4 foil 
classes (1 class for each purity and 1 class for each 
accumulated fluence). The resulting 36 different foils 
were characteristic of the metallurgical states in the 
bar specimens during modulus measurements. To provide 
microscopy samples, discs were punched from these foils. 
These discs were then jet polished in galatic acid with 
10% fluoric acid by a jetting current of 30 milliamps at 
25 volts. One port projecting against each face of the 
disc to be polished contained lenses and fiber optics which 
lead, respectively, from a strong light source and a photo 
transistor-relay circuit. When a small penetration in 
the disc first appeared, allowing light to pass through, 
5 
the circuit switched off the polishing current. Foils 
were then immediately bathed in ethanol to prevent surface 
pitting. 
B. Irradiation Procedure 
To obtain the fluences required for the specific 
damage level previously stated, irradiations were con-
ducted at the University of Missouri Research Reactor. 
In the flux trap of this reactor, a fast flux of 2.0·10 13 
2 
n/cm -sec (E greater than 0.1 Mev, as determined by cobalt 
activation) was obtained. 18 Fast fluences of 3.8·10 nvt 
and 1.4·10 19 nvt were obtained at an irradiation tempera-
Samples were then stored at 
room temperature until use. 
C. Modulus Measurement 
In order to determine the modulus change during post 
irradiation annealing, two changing properties of the 
aluminum specimens had to be measured. These properties 
were the density and the ultrasonic pulse propagation time 
in the specimen. These properties yield Young's modulus 
of elasticity through the 
( 1 . ) E = v 2 ·p, 
. 14 equat1on 
where E = Young's modulus of elasticity, 
V - ultrasonic pulse velocity in the specimen, and 
p = specimen density. 
This equation can be manipulated (see Appendix) to the 
6 
form of 







where L = sample length, 
t = time for the ultrasonic pulse to travel the 
sample length, and 
~ = the change in the property. 
A temperature compensated strain gage, a Wheatstone bridge, 
and a "lock-in" amplifier were used to monitor the sample 
strain, ~L/L, by the relationship 
( 3 . ) ~L = C • (G. F.) • ~R 
L Ravg' 
where C = transverse sensitivity correction for the 
strain gage, 
G.F. = gage factor of the strain gage, and 
R = resistance required to balance the Wheatstone 
bridge. 
After substituting equation (3.) into equation (2.), the 
resulting equation is 





In order to induce an ultrasonic pulse into the non-
magnetic aluminum, the irradiated aluminum specimens were 
bonded with a high temperature epoxy to a magnetostrictive 
driving rod. After bonding, the free end of the driving 
rod was inserted into a transducer which induc e d lon g i-
tudinal ultrasonic waves. 
7 
The epoxy used for this bond1.·ng had t h o ave a curing 
temperature below the temperatures at which modulus mea-
surements were taken. The most suitable epoxy that was 
found for this bond1.·ng, as w 11 f t · e as or s ra1.n gage mounting, 
was Thermally Conductive Epoxy EPO-TEK H-74. This agent, 
which required curing at 100°C for 30 minutes and could 
only be used up to temperatures of 130°C, limited experi-
mentation to temperatures below 130°C. 
Isothermal anneals were carried out in a silicon oil 
bath at temperatures ranging from ll0°C (ll0°C is the 
lowest temperature 
in aluminum begins 
at which radiation induced swelling 
15 
to anneal out) to 130°C at 5C 0 
intervals. Each annealing temperature was controlled to + 
Experimental system readouts consisted of tempera-
ture recorder and thermometer, visual display of pulse 
pattern in specimen, digital display of pulse time in 
specimen, and strain gage resistance. Figure 1 shows a 
schematic of the experimental arrangement. 
Modulus data was tabulated after one minute had ex-
pired from the commencement of the anneals. This one 
minut e delay allowed for the attainment of thermal 
eq uilibrium in the specimen. 
A different t ech nique was utilized to separate 
factors other th a n the irradiation which mi g ht effect the 
modulus change. For a statistical analysis, a series 
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9 
which were identical to the irradiated samples. Then an 
average value obtained from the annealed standard samples 
was subtracted from the annealed irradiated samples. 
process which gives the normalized modulus, 
error, u, is given b y the equation 16 
n + u = IRRAD 
+ 
2 2 ~ 
( ulRRAD + USTANDARD) ' 




n, and its 
Both n and u, though not shown in the above equations, 
are a function of anneal time. 
D. Microscope Measurements 
Electron microscopy was conducted using a 100 kv 
Hitachi model HU-llA transmission electron microscope 
which was equipped with an 8° tilting stage . 
The specimen configuration resulting from the disc 
preparation described above had an important advantage 
in that the thinned region was self-supported b y the 
thicker outer ring. This configuration eliminated the 
This 
need for supporting grids. As a result there was seldom 
an y evidence of material deformed during preparation. 
10 
The foil was also directl y connected to a good heat sink, 
minimizing an y effects of electron beam heatin g during 




During the isothermal anneals, the speed of sound 
propagation in the specimens was found to increase, but 
no correlation of the magnitude of the speed of sound was 
found to exist between specimen purity, fluence, or 
annealing temperature. 
Annealed specimens always contracted with an expon-
ential time dependence. But, here again, no correlation 
of the magnitude of strain relief was found to exist 
between specimen purity, fluence, or annealing temperature. 
Calculations of the normalized modulus change yielded 
data that was consistent in sign, but was inconsistent in 
magnitude. After 2.5 hours of annealing, the hardening 
values of 11 irradiated samples ranged from 0.28% to 
1.42% with an average sample hardening of 0.84%. 
For the unirradiated standards used in the difference 
technique, an average modulus hardening of 0.59% was found 
to e~ist over the investigated 20C 0 temperature range. 
The statistically averaged, normalized modulus was 
found to have hardened by 0.25% ~ 0.17% after specimen 
anneals in the ll0°C to 130°C temperature range for an 
anneal time of 2.5 hours. 
Figure 2 shows a graph of the normalized modulus 
change due only to irradiation as a function of anneal 
12 
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Figure 2. Normalized change in Young's modulus of elasticit v of aluminum irradiated 
to 1.4·10 19 nvt (E >0.1 Mev) after annealing in the temperature range of 
ll0°C to 130°C. 
13 
time. This graph is an average of the corrected individual 
modulus changes of 11 irradiated samples which were iso-
thermally annealed at 5C 0 increments in the investigated 
2 Oc 0 temperature range. All experimental modulus data 
fell into this shaded band. The hardening process was 
essentially complete within 30 minutes and continued 
annealing of up to 24 hours produced no further changes. 
B. Microscopy 
Observation of the irradiated foils under the electron 
microscope revealed heavy dislocation densities, trans-
mutation products ( . 1 .1. ) 17 ma1.n y Sl. 1.con , and extremely 
inhomogeneously distributed voids as can be seen in 
Figures 3, 4, and 5. These figures are characteristic of 
the aluminum grains containing voids, but due to the 
inhomogeneity of void distribution between grains, they 
are not to be mistaken as being characteristic of the 
irradiated specimens as a whole. 
In the as irradiated foils, the voids were ge nerall y 
preferentially orientated and usually rectangular or 
tetragonal (see Figure 3). Striations were noted on some 
preferentially oriented "pencil" shaped voids, suggesting 
they were an incomplete void merger of neighboring voids. 
In heavily voided grains, denuded zones of rou g hl y 1.2 
microns were observed. Previous similar studies have 
reported d enude d zone s of comparable widths. 18 
14 
Figure 3. Preferentially orientated tetragonal voids 
in neutron irradiated 99.99% pure aluminum. Irrad-
iation conducted at 0.345 T with an accumulated 
m 
fluence of 1.4·10 19 nvt (E >0.1 Mev). Average void 
0 
length is approximately 4000 A. 
15 
16 
Figure 4. Silicon precipitation on voids in neutron 
irradiated 99.999% pure aluminum after annealing at 
120°C for 24 hours. Irradiation conducted at 0.345 
Tm with an accumulated fluence of 1.4·10 19 nvt 
(E>O.l Mev). Average void size is approximately 
0 
4400 A. Clusters of silicon atoms are seen as 
dark spots on the bright voids. 
17 
Figure 5. Void-dislocation interactions in neutron 
irradiated 99.999% pure aluminum after annealing at 
120°C for 5 minutes. Irradiation conducted at 0.345 
Tm with an accumulated fluence of 19 1.4·10 nvt 
(E>O.l Mev). Note the dislocation lines can be 
seen lying against void edges. 
Annealing of the irradiated foils (Figures 4 and 5) 
at 120°C produced smaller dislocation densities, void 
coarsening, and impurity precipitation in the form of 
dark spots on the coarsened voids. 
known to be silicon clusters, 17 
These precipitates, 
are a product of thermal 
n e u t r o n a c t i v a t i o n o f a 1 u m i n u m ( 2 7 A 1 ( n , y ) 2 8 A 1 - 2 8 s i + f3 ) . 
An estimation of the transmuted silicon concentration, 
bas e d on a microscopic activation cross section o f 241 
'll'b 19 d d m~ ~ arns, provi e a transmuted concentration of 
0.0042 atomic percent silicon at Therefore, a 
sup e rsaturation of silicon exist e d and precipitation was 
possible. Many of these precipitate clusters ranged in 
0 
size from 1000 to 1900 A in diameter. An example of 
silicon precipitation on coars e ned voids is shown in 
Fi g ure 4. 
Another result of the heat treatments was the 
defect-dislocation interaction. During post irradiation 
annea ling, some dislocations are e ffe c t ive l y pinn e d b y 
precipitates (dispersion hardening) and voids (void 
hardening). This ef fect, s h own in Fi g ur e 5, wa s also 
2 1 
s ee n b y Jostsons a nd Lon g . 
18 
IV. CONCLUSIONS AND DISCUSSION 
The main result of this radiation damage study is 
that post irradiation annealing of pure aluminum in the 
temperature range 110°C to 130°C resulted in elastic 
hardening. Ultimately, this hardening has to be explained 
quantitatively in terms of the radiation damage introduced 
and the subsequent changes which occurred during the post 
irradiation annealing. Even though the precision of the 
experimental measurements was very accurate, a relatively 
large inconsistency in the modulus hardening of almost 
68% was obtained. Possible causes for this inconsistency 
are the inhomogeneity of the induced defect aggregates 
and the problem associated with adequately bonding alumi-
num to steel without subjecting the irradiated aluminum 
specimens to excessive heat. 
A quantitative explanation of the elastic hardening 
can not be given in this experiment because of the 
inhomogeneity of the radiation induced defect aggregates. 
This inhomogeneity from grain to grain of void shapes, 
concentrations, and distributions was clearly apparent 
when observing specimens under the electron microscope; 
however, within the voided grains homogeneity was 
generally maintained. Therefore, only qualitative con-
elusions characteristic of the radiation damage within 
the voided grains are possible. 
19 
20 
As the voids coarsened during isothermal anneals 
, a 
silicon precipitate was observed to form on some of the 
voids. Because of the high binding energy between silicon 
and vacancies (0.25 ev), 22 it is believed that the silicon 
atoms are dragged to the voids by diffusing vacancies, 
thereby leading to the formation of silicon precipitates 
at the voids. As stated in the section called RESULTS, 
a supersaturation of silicon existed and silicon preci-
pitation on the coarsening voids is not unexpected. 
Hardening of the annealed specimens may be due to 
defect-dislocation interactions as seen in Figure 5. 
Those defects acting as barriers to dislocation movement 
were point defects, silicon precipitates, and coarsened 
voids. This impedance of dislocation movement was 
indicated by a staircase micrograph pattern. After all 
dislocations were pinned, no further deformation at the 
tested temperatures was observed. 
In addition to the qualitative description of the 
radiation damage, a qualitative understanding of the 
experimental data scatter can also be given. The inhomo-
geneity of the defect aggregates might mask the tempera-
ture dependence of the annealing process if the annealing 
experiments are performed in a narrow temperature range 
as was the case in this investigation. This will occur 
when the variance of the diffusion length of the migrating 
defects is large in comparison to 
k ( D t) 2 
avg ' where D avg 
2 1 
is the average diffusion coefficient for migration in this 
temperature range and t is the . 23 t1.me. Masking can also 
occur if a large variance of the binding energies of 
migrating defects to the aggregates, 8Eb, controls the 
annealing kinetics. For this present investigation, 
this would require 8Eb>>k(T - T . ) , 
max m1.n 
ev/degree 20 degrees = 1.7·10-3 ev, which is not 
. . b 1 24 1.nconce1.va e. 
Despite the scattering of the data points, an obvious 
trend of the modulus change was clear; hardening was 
observed in all samples and virtually complete after 30 
minutes of annealing. 
1. 
22 
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APPENDIX 
MATHEMATICAL MODEL FOR THE CALCULATION OF YOUNG'S 
MODULUS OF ELASTICITY 
It was stated in the section called EXPERIMENTAL 
DETAILS that 
v = 1z (E/p) , 
where p = the density of the aluminum = m/v, 
V - the ultrasonic pulse velocity in the sample, 
E - Young's modulus of elasticity, 
m = mass, and 
v = volume. 
Also, 
V = L/t, 
where L = sample length and 
t - time for the ultrasonic pulse to travel the 
sample length. 
28 
By equating and taking the natural logarithm of each side 
of the two velocity equations, one obtains 
lnL - lnt = ]z lnE - ]z lnp, 




~ - .1m 
p m 
- .1E .1p 
2E - 2p . 
.1v 
- - · v 
~L 
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~m + ~v 
2m 2v 
v + ~v = (L + ~L)3 
or 
1 + ~v = 
v 
An expansion yields 
1 + ~v - 1 + 3~L + ... ' 
v L 
which simplifies to 
~v 3.1L 
--v L" 
The modulus equation then becomes 
~L ~t 
L - tavg 





_ ~E + 3~L 
2E L' 
z~t 
tavg 
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